Variability in the concentrations of Ca, Mg, Sr, Na, and K in the opercula of perch (Perca fluviatilis L.) in relation to the salinity of waters of the Oder Estuary (Poland) 
INTRODUCTION
Estuaries represent a dynamic environment in which there is marked variability in both physical and chemical properties over relatively short periods of time. Inevitably, variability in the chemical composition of waters is reflected in the skeletal structures of the organisms inhabiting estuaries such as fish, molluscs, and crustaceans (Eldson, Gillanders 2006) . Dodd (1965) reported that concentrations of magnesium in the mussels Mytilus edulis were inversely proportional to salinity. Rucker and Valentine (1961) suggested that this effect reflected the ease of access to skeletal building materials.
An estuary with specific features where both salinity level and means of mixing are concerned is that at the mouth of the Polish-German Oder River -whose status as a waterway of major economic importance has also subjected it to considerable anthropopressure. The issues of the dynamics of the Oder's masses of water and their levels of salinity have already been dealt with by many authors (e.g. Tórz 2002; Nędzarek, Chojnacki 2003) . Specifically, Gibbs (1970) linked the overall concentration of dissolved salts in estuarine waters with differences in the values of the indexes Na:Na+Ca and Cl:Cl+HCO3. Variability of values for the anion index (Cl:Cl+HCO3) is usually marked by similar trends as those observed for the overall concentration of dissolved salts. In turn, the cation index (Na:Na+Ca) inter alia provides a basis by which to identify rivers in which chloride and sodium ions prevail, since this dominance increases with overall concentrations of dissolved salts in a process that intensifies markedly towards the mouths of rivers. Tórz (2007) included the estuarine waters of the Oder within the above category on the basis of the indicated Na:Na+Ca and Cl:Cl+HCO3 indexes, despite the dominance of calcium ions in the waters of the river between Widuchowa and Szczecin. This high concentration of calcium may result from the latter being washed out of the soils in the Oder Valley, or may reflect penetration from bottom sediments, since the soils in the area are characterized by very high shares of calcium ions (over 0.48% of the total, as compared with a national average of 0.14%) (Lis, Pasieczna 1998) . Tórz (2007) determined types of behaviour for different cations and anions, determining the overall level of salinity in waters of the Oder Estuary using the methods described by Aston (1978) . An active type of behaviour was noted for the ions Ca 2+ , K + , HCO3 -, and SO4 2-. In contrast, conservative behaviour characterised Mg 2+ and Na + . Tórz also (2007) divided the Oder Estuary into 3 subenvironments on the basis of transformations in macro-ions. The lower estuary, known as Pomeranian Bay, is a saltwater environment in which the hierarchy for ionic dominance is Na + > Mg 2+ > Ca 2+ > K + i Cl -> SO4 2-> HCO3 -+CO3 2-. The middle estuary, Szczecin Lagoon, is a brackish environment (Na + > Ca 2+ > Mg 2+ > K + i Cl -> SO4 2-> HCO3 -+CO3 2-). The upper estuary, the Oder River from Widuchowa to the point where it empties into Szczecin Lagoon, is a freshwater environment with a hydrochemical regime shaped in relation to the dynamic displayed by waters of the middle estuary, with the dominance hierarchy for ions being Ca 2+ > Na + > Mg 2+ > K + i Cl -> HCO3 -+CO3 2-> SO4 2-.
Transformations of macro-ions may give rise to the establishment of separate species flocks of fish where environments inhabited within an estuary differ in terms of their hydrochemical regimes. One element of the Oder ichthyofauna inhabiting all areas of the estuary is the perch (Perca fluviatilis L.), a euryhaline species. Dudko at al. (2001) suggested the presence of two different species flocks during fishing monitoring on Pomeranian Bay.
Bearing the above in mind, it was useful to determine the influence of ionic transformations in water in determining the macro-ionic structure in the opercula of perch living in different sub-habitats along the Oder Estuary. Such research had not been carried out in the estuary in question. The Oder Estuary is an international estuary and biological studies of its waters could be useful not only for Polish, but also for German researchers. Additionally, the perch is a cosmopolitan species and variability of its macro-ionic structure in the opercula could be a very good example for other estuaries.
MATERIALS AND METHODS
This study draws on water analyses carried out between July 2000 and August 2003 by Tórz (2007) . In order to show the variability in concentrations of the macro-cations contributing to the formation of fish skeletons where waters are subject to dynamic macro-ionic transformations, determinations for calcium, magnesium, strontium, sodium, and potassium in the opercula of perch (Perca fluviatilis L.) were carried out. Specifically, the analyses concerned fish caught in fresh water (the Oder), brackish water (Szczecin Lagoon), and salt water (Pomeranian Bay) (Fig. 1) . The preparation of samples involved the application of methods described by Rooker et al. (2003) . The said determinations were carried out with a Perkin-Elmer 3100 atomic absorption spectrophotometer, using the flame method described in Analitycal methods for atomic absorbtion spectrophotometry (1982) . The analysis was based on 20 fish caught in each of the aforesaid sub-habitats of the Oder Estuary. There were two samples from each fish.
The factors calculated were: -in the Oder's estuarine waters: Ca:Mg and Na:Mg; -in the bones of the operculum: Ca:Mg, Na:Mg, and Sr:Ca. The averaged results have been compiled in Tables 1 and 2 
RESULTS
The research conducted on the calcium, magnesium, strontium, sodium, and potassium contents in the opercula of perch from different subhabitats of the Oder Estuary points to marked differences in relating to the places inhabited by the different flocks (Table 1) .
Perch living in the waters of the Oder between Widuchowa and Szczecin Lagoon first and foremost made use of calcium in the laying down of skeletal structure, this element being the most abundant (Ca represented 83.6% of all cations in the water and 41.6% of those present in the bones of the perch operculum) (Tables 1 and 2 ). Calcium was replaced by other, more available elements like magnesium or strontium where the level of salinity was higher. In Szczecin Lagoon fish operculum contained 40.5% Ca. In Pomeranian Bay, where Ca represented 80.2% of all cations in the water, opercula contained 37.9% Ca (Tables 1 and 2 ).
The relationships between the content of calcium in the operculum of perches and the total mineral matter dissolved in water (TDS) achieved statistical significance in the case of the waters of the Oder Estuary (r = -0.61) ( Table 3) .
Also subject to assessment was the variability of the Ca:Mg, Na:Mg, and Sr:Ca ratios in the opercula of perch caught from three different areas of the Oder Estuary, as set against the variability of values for the factors Ca:Mg and Na:Mg, as well as the level of total dissolved mineral matter (TDS), in the waters in question (Figs. 2 and 3 ).
The Ca:Mg and Na:Mg ratios in perch opercula were directly proportional, and characterised by statistically significant correlations with the Ca:Mg ratio in Oder Estuary waters (Table 4 , Figs. 2A, 2B ).
At the same time, the Ca:Mg and Na:Mg ratios for opercula were the subject of downward trends in association with successively higher levels of salinity (Table 3, Figs. 3A, 3B ). The Na:Mg ratio was the subject of quite a distinct relationship. Waters of the estuary displayed markedly higher values for the Na:Mg ratio where concentrations of sodium in the waters were higher, while values for the Na:Mg ratio in opercula were progressively and markedly lower.
The Sr:Ca ratio in opercula was the subject of a statistically significant correlation with values of the Ca:Mg and Na:Mg ratios in water, as well as the level of dissolved mineral substances (Tables 3 and 4 , Figs. 2B-3B). A directly proportional trend was observed for the Sr:Ca ratio in perch opercula and the Na:Ca ratio in water, as well as total dissolved mineral matter (TDS). Thus, increased salinity of waters was associated with higher opercular levels of strontium in perch.
DISCUSSION
The highly dynamic chemical conditions in an estuary are subject to and in fact may give rise to the introduction of ecological barriers to stenohaline species, and to the variable intraspecific utilisation of different elements in the body composition of euryhaline or diadromic fish (Rucker, Valentine 1961; Dodd 1965; Elsdon, Gillanders 2006) . Thus, a single species occupying estuary-water niches of differing macro-ionic composition and varying availabilities of mineral substances may be characterized by skeletons that differ in terms of their quantitative ionic composition (Bijvelds et al. 1997; Richardson 2001; Rooker et al. 2003; Elsdon, Gillanders 2003 Arai, Hirata 2006) . Similar observations of how perch skeletal calcium contents reflected variability in water mineralisation were made by Humphreys et al. (2006) . They studied populations of fish of the family Eletridae living in Mediterranean estuaries. They were able to demonstrate mineralisation-related differences in the amount of calcium in fish skeletons. While the skeletons of fish from fresh water had skeletal calcium contents on the order of 39.1%, their counterparts in typically marine waters recorded a level of 34.7%. They linked the mean values cited with the total mineral matter dissolved in water (TDS), whose value in the case of fresh water was of 1000 mg dm -3 (cf. a mean value of 593.0 mg dm -3 in the waters of the Oder (Table 2)), while that for marine waters was 25,600 mg dm -3 Fig. 3 . Relationships between the Ca:Mg ratio (A), or the Na:Mg and Sr:Ca ratios (B) in perch opercular bones and the total amount of dissolved mineral matter in the waters of the Oder Estuary.
(compared with our average Pomeranian Bay concentration of 6516.3 mg dm -3 (Table 2) ). The reported percentage concentrations of calcium in the opercula of perch from Oder waters (41.6%) and those from Pomeranian Bay (37.9%) were higher than those observed by others (Humphreys et al. 2006 ). The noted differences in percentage shares of calcium might be linked with the level of total mineral matter dissolved in water (TDS), this being much greater in the waters Humphreys et al. (2006) analysed. Bijvelds et al. (1997) , Arai et al. (2005) , and Arai and Hirata (2006) all reported that a higher level of salinity in water will be associated with the partial expulsion of calcium and sodium ions from bone structure, their place being taken by magnesium, strontium, and potassium ions. Similar trends were observed for the opercula of perch living in different environments of the Oder Estuary; the opercular contents of magnesium, strontium, and potassium were directly proportional to -and correlated significantly with -the concentration of chloride and sulphate ions, as well as the total dissolved mineral matter (TDS) in estuarine waters (Table 3) .
El-Mowafi and Maage (1998) in turn observed that where the concentration of magnesium ions was below 54.0 mg dm -3 in an aquatic (freshwater) environment the bones of fish are characterised by lower contents of magnesium, strontium, and potassium ions, as well as higher contents of calcium and sodium ions. Similar trends were also noted in the work carried out here (Tables 1 and 3 ).
The relations of the Ca:Mg and Na:Mg ratios in perch opercula to the Ca:Mg ratio in Oder Estuary waters (Table 4 , Figs. 2A, 2B ) points to exchanges of calcium ions for magnesium ions in bone composition, as magnesium becomes progressively more available downstream. The relationship of the Na:Mg ratio in Oder Estuary waters to the Na:Mg ratio in perch opercula suggests that magnesium is more often utilised in establishing skeletal composition than is sodium, notwithstanding the decidely greater availability of the latter element in the water. This is particularly the case where magnesium availability in water rises even a little, as the observations of El-Mowafi and Maage (1998) make clear. The above observations sustain a preliminary conclusion that magnesium is the preferred element where the building of perch skeletons is concerned.
Increased salinity of Oder Estuary waters was associated with higher opercular levels of strontium in perch. Similar observations were made by Kafemann et al. (2000) , Arai et al. (2005) , and Elsdon and Gillanders (2006) .
The above considerations assume all the more importance in light of the high degree of specificity displayed by the Oder Estuary, as opposed to others, since it is without outflow. Moreover, the gradients for levels of salinity are much lower here than in cases described in correspondence (cite sources here). Nevertheless, it has been possible to demonstrate -for the Oder Estuary as wellmarkedly significant differences in the skeletal ionic compositions characterising perch from niches differing in terms of their hydrochemical regimes. Differences in perch skeletons' ionic compositions associated with their habitats, as distinguished by Tórz (2007) , offer further evidence that the Oder Estuary comprises three distinct biotopes. The ionic composition analysis carried out on perch skeletons also supports at least a preliminary suggestion that any classification should base itself around designated indices (for Ca:Mg, Na:Mg, or Sr:Ca) in environments inhabited by euryhaline fish species, and would be as follows:
-Ca:Mg > 3.5; Na:Mg > 0.25; Sr:Ca > 0.010 -freshwater environment; -Ca:Mg < 2.6; Na:Mg < 0.20; Sr:Ca > 0.040 -saltwater environment.
Statistical analysis allowed for the discernment of two perch species flocks -that of the fresh waters of the Oder and that of the saline waters of Pomeranian Bay. Perch caught in the waters of Szczecin Lagoon do not represent a separate group. It is most probable that these waters support perch that move up the estuary from Pomeranian Bay, or downstream from the waters of the Oder (Figs. 2 and 3) . Quite similar dependences were observed by Dudko at al. (2001) during fishing monitoring in Pomeranian Bay. However, the hypothesis presented requires further verification through consecutive analytical studies.
CONCLUSIONS
Representatives of a single species (Perca fluviatilis L.) captured in three niches comprising waters of the Oder Estuary that differ in their levels of available mineral substances (along the Oder, in Szczecin Lagoon, and in Pomeranian Bay) were found to have skeletal structures characterised by different quantitative ionic compositions. Differences were sufficient to draw a distinction between the two groups inhabiting fresh and saline waters. The group of perch residing in the Oder between Widuchowa and Szczecin Lagoon had skeletons built first and foremost of calcium (of which there is relatively the greatest amount in the environment in question). In contrast, in the skeletons of the group of perch living in Pomeranian Bay, calcium was replaced with other, more readily available elements.
The downward trend noted for the Ca:Mg ratio in perch opercula when salinity was higher again attests to the replacement of calcium ions with those of magnesium in bone structure, in line with the evergreater availability of magnesium itself. At the same time, magnesium continues in all circumstances to be used more frequently than sodium where the establishment of skeletal structure is concerned. An increase in salinity is also associated with increased contents of strontium in perch opercula.
